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Available online 31 October 2013AbstractA series of impact tests of sandwich samples were completed using a large-diameter split Hopkinson pressure bar (SHPB) device at different
velocities. The interlayer is made of foam concrete, loess or sand. The stress peak value decay, energy decay and waveform dispersion characters
are studied by comparing incident waves with transmission waves. The tests indicate that the foam concrete has the best capabilities of shock
resistance and energy absorption, the loess comes second, and the sand takes third place.
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In recent two decades, the conventional weapons have
developed towards the directions of deep penetration, high
power and precise guidance. Their penetration capabilities and
explosion power have continued to increase. In order to adapt
these trends, the scientists around the world have studied
damage effects of conventional weapons and protective ca-
pabilities of covered layers and structural supports, and have
put forward a variety of calculation and design methods.
However, they placed more emphasis on enhancing the con-
ventional weapon resistance capacity, but comparatively
neglected the research on the damage effects caused by strong
blast wave [1,2].* Corresponding author.
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http://dx.doi.org/10.1016/j.dt.2013.06.002To improve the survivability of underground protective
structures under the conditions of nuclear explosion or various
touchdown bursts of conventional weapons, the U.S. military
tried to fill the sandwich structureswith porous, large-deformable
and low-density materials to weaken damage effects of blast
stress waves and ground shock on the structures. The protective
structureswith different backfillmaterialswere tested to decrease
the blast loads in Waterways Experiment Station of the U.S.
Army [3,4]. InChina, the gravel, loess and sandhave beenused as
the backfill materials for a long time, but there are no systematic
data on their functions and effectiveness.
The previous study of multi-layer protective structures is
mostly limited to the laboratorial samples and components
of composite materials, which loading mode is static or
steady-state harmonic load, so it is difficult to use the test
results in the design of large-scale protective structures
under the action of strong dynamic load. Little research on
impact load has been done on engineering protective and
geological materials. Besides, there is lack of comparison
studies on shock resistance of commonly used engineering
materials; the existing research on shock resistance of
layered structures mostly focuses on the effect of anti-
penetration, which is less related to the improvement of
layered materials.ction and hosting by Elsevier B.V. All rights reserved.
Fig. 1. Sketch of SHPB.
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with limited thickness is an urgent and practical issue.
Developing a new energy-absorbing material as protective
medium and putting forward a novel protective layered
structure system are the issues of high academic values and
profound application prospects, which are based on the full
understanding of shock resistance of existing protective en-
gineering materials such as concrete, sand and loess, and the
appropriate application of propagation theory of stress wave in
layered mediums [5e7].
Loess and sand are commonly used in the engineering
protection, and foam concrete is a new functional material. In
this paper, the impact loads are applied on the sandwich
specimens made of these materials by using a large-diameter
SHPB device, and both incident stress wave and trans-
mission stress wave are directly measured. The propagation
characteristics of stress wave in different materials, different
layered structures and in the case of different load intensities
are analyzed. The stress and energy decay rules of these ma-
terials are researched.
2. Experimental design
A typical SHPB device with a complete data acquisition
and processing system is shown in Fig. 1. An incident pulse is
generated in the input bar by firing a bullet towards it, and a
specimen is deformed in the course of pulsing. By measuring
the reflected pulse in the input bar and the transmitted pulse
in the output bar, the stressestrain relationship of the mate-
rial can be calculated. The SHPB technique is based on two
basic assumptions which are one-dimensional stress
assumption and uniformity assumption. According to the
assumption of one-dimensional stress, the one-dimensional
stress wave theory can be directly used to analyze the
experimental data so as to get the stressestrain relationship
of material under test [8,9].
Loess and sand are loose media, and foam is a kind of soft
medium. They all have the strong compression deformation
capacity; so their lateral deformations tend to be small underFig. 2. Sketch of a sandwich sample made of loose material.the action of impact load. The media are placed in a steel
sleeve, which has the same diameter as SHPB, with a smooth
wall and a certain thickness (seeing Fig. 2). Lubrication is
adopted between the specimen and the sleeve. After that, the
specimen is placed between the SHPB input bar and output bar
for the shock-compression test. The specimen could be
approximately considered to be in one-dimensional strain state
by ignoring the small deformation of the sleeve. Then the
stressestrain relationship of the specimen under one-
dimensional strain could be derived by using conventional
SHPB data processing and analysis methods. The total length
of the sandwich specimen is 150 mm, and the concrete spec-
imen is a 50 mm-high cylinder.
The strength of the test concrete specimen is C30, with a
density of 2.4 g/cm3. The porosity and density of foam con-
crete are 70% and 0.78 g/cm3, respectively, the loess density is
1.86 g/cm3, and the sand density is 1.81 g/cm3.
The one-dimensional strain experiments of sandwich
specimens are divided into 80 groups. The diameters of inci-
dent bar and output bar are both 100 mm, with the elasticFig. 3. Waveforms of foam concrete sandwich samples (v ¼ 10 m/s).
Table 1
Test data of foam concrete sandwich samples.
Bullet speed m/s Peak strain Peak stress/MPa
Incidence Transmission Incidence Transmission
10 1.12E-03 4.28E-05 223.64 8.55
15 1.58E-03 5.85E-05 316.02 11.70
20 2.12E-03 6.58E-05 423.20 13.17
Table 2
Test data of loess sandwich samples.
Pullet speed m/s Peak strain Peak stress/MPa
Incidence Transmission Incidence Transmission
10 1.08E-03 5.45E-05 216.64 10.89
15 1.51E-03 6.20E-05 302.82 12.40
20 2.08E-03 8.77E-05 415.42 17.54
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length of bullet is 18.8 cm, which diameter is the same as
those of incident bar and transmission bar. The lengths of the
incident bar and transmission bar are 4499 mm and 6535 mm,
respectively. The strain gauges are attached at 1000 mm and
800 mm away from the specimen on the incident bar and
transmission bar, respectively.
3. Experimental results
The decay effects of stress wave in different sandwich
specimens could be got by using different materials as in-
terlayers, which are in one-dimensional strain state.
The diameter and height of foam concrete specimen are
72 mm and 50 mm, respectively. Bullet speeds are 10 m/s,
15 m/s and 20 m/s, respectively. Fig. 3 shows the typical
experimental waveforms at bullet speed of 10 m/s. The mean
values after the remove of obviously abnormal data are listed
in Table 1.
The thickness of loess interlayer is 72 mm, and bullet
speeds are 10 m/s, 15 m/s and 20 m/s, respectively. Fig. 4Fig. 4. Waveforms of loess sandwich samples (v ¼ 10 m/s).shows the typical experimental waveforms at the bullet
speed of 10 m/s. The mean values are shown in Table 2.
The thickness of sand interlayer is 50 mm, and the loading
speeds are 10 m/s, 15 m/s, 20 m/s and 25 m/s, respectively.
Fig. 5 shows the typical experimental waveforms at the bullet
speed of 10 m/s. The measured mean values are shown in
Table 3.4. Discussion4.1. Attenuation characteristics of peak stressIt could be found in experiment that minor damage appears
in the end of composite concrete specimen at the bullet impact
speed of 20 m/s. The specimen is obviously cracked and tilted
when the speed rises to 25 m/s, so the data at that time were
omitted. Fig. 6 shows transmission/incident stress ratio vs
impact speeds of the three interlayer materials.
As shown in Fig. 6, the attenuation effects of three inter-
layer materials on the stress wave are very significant, and the
peak value of transmission wave is less than 10% of the peakFig. 5. Stress waveforms of sand sandwich samples (v ¼ 10 m/s).
Table 3
Test data of sand sandwich samples.
Bullet speed m/s Peak strain Peak stress/MPa
Incidence Transmission Incidence Transmission
10 1.12E-03 6.80E-05 224.40 13.60
15 1.57E-03 1.27E-04 313.70 25.35
20 2.09E-03 1.78E-04 417.36 35.66
25 2.66E-03 2.44E-04 531.88 48.73
Table 4
Transmitted energy comparison of different sandwich materials.
Sandwich
material
Bullet
velocity m/s
Incidence
energy J/m3
Transmission
energy J/m3
Percentage
of transmission
energy
Foam concrete 10 110,922 580 0.522%
15 231,265 948 0.410%
20 417,241 1138 0.273%
Loess 10 111,763 422 0.378%
15 227,700 450 0.198%
20 401,189 1420 0.354%
Sand 10 121,521 614 0.505%
15 234,416 1612 0.688%
20 431,890 3467 0.803%
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weakening effect on stress wave, loess comes second, and sand
is the weakest. The stress peak ratio of foam concrete de-
creases significantly with the increase in bullet velocity. The
stress peak ratio of loess is basically independent of the
loading rate, and the stress peak ratio of sand presents an
ascending trend.
Sand and loess can absorb impact energy very well in the
state of loosening. But the situation will change if sand or
loess is compacted under the ground. In order to simulate the
shock resistance of loose materials which are fully com-
pacted, at first the materials are pre-impacted for 2e3 times
by the bullets with low speed, and then the preloaded loess
and sand are used as the interlayer of the composite spec-
imen. Therefore their abilities of weaken the stress waves
would reduce, especially the sand. Although the sand can
flow freely, the compressibility of sand is small and its
strength is high, thus the pores between grains of sand are
compacted during pre-compaction. The sand itself plays a
major role in the shock resistance, so the curves shown in
Fig. 6 are on the rise. In practical application, the under-
ground loess and sand tend to be hydrous because of humid
environment, so the weakening and protective effects of them
on stress wave may be further decreased. The compressibility
of loess is larger than that of sand, therefore the attenuation
effect of loess is stronger.4.2. Analysis of energy attenuationTable 4 shows the density comparison of the incident and
transmitted strain energies of foam concrete, loess and sand as
sandwich material at different loading velocities. Data listed inFig. 6. Peak value ratio of transmission to incident waves vs loading velocity.Table 4 are the maximum ratio of transmitted energy-to-
incident energy.
As shown in Table 4, when the foam concrete is used as
sandwich material, the ratio of transmitted energy-to-
incident energy decreases with the increase in loading
speed, while the ratio of transmitted stress peak-to-incident
energy increases when the sand is used as sandwich mate-
rial. This trend is the same as the ratio of transmitted stress
peak-to-incident stress peaks. At low speed, the deformation
of foam concrete is mainly elastic, and the energy-absorbing
is weak. With the increase in loading speed, the foam con-
crete absorbs more un-recoverable deformation energy, as a
result, the ratio of transmitted energy-to-incident energy
decreases. The behavior of pre-compacted sand is quite
different, the higher the impact speed is, the larger the ratio
of transmitted energy-to-incident energy is. From the view of
stress peak ratio and energy peak ratio, the foam concrete as
a sandwich material has the best properties of shock resis-
tance and wave weakening, the loess comes second, and the
sand is the worst.4.3. Analysis of wave dispersionIn the analysis of the propagation characteristics of stress
wave, in addition to the peak stress and energy density, the rise
time of stress wave and the duration of positive pressure are
also the important parameters which can reflect its propagation
characteristics. They reflect the waveform change in the pro-
cess of stress wave propagation, which is called dispersionTable 5
Transmission wave parameters of three materials.
Sandwich
material
Bullet
velocity m/s
Rise time/ms Duration of
positive pressure/ms
Foam concrete 10 0.021 0.162
15 0.020 0.187
20 0.019 0.174
Loess 10 0.019 0.159
15 0.021 0.130
20 0.020 0.117
Sand 10 0.018 0.117
15 0.019 0.104
20 0.019 0.091
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tion of positive pressure were analyzed; and the experimental
waveforms and stress wave dispersion effects of different
layered materials were also compared. Table 5 shows the
transmission waveform parameters of three materials. The rise
time is the time required from half peak stress to peak value,
and the duration of positive pressure is the time width between
the positive half peak stresses.
From Table 5 we could see that the rise time of foam
concrete is close to that of loess, and is slightly longer than
that of sand sandwich. The duration of positive pressure of
foam concrete sandwich is longer than those of other two
materials at any loading phase, which means that the foam
concrete sandwich could make the sudden-loading gentle. In
practical engineering application, the damage on brittle ma-
terials by impacting loads can be reduced by making use of
foam concrete as protective layer.
5. Conclusions
Through the SHPB experiments on sandwich specimens
made of concrete foam, loess and sand at different impact
speeds, we can conclude that the transmitted peak stress of
foam concrete is minimum, followed by loess, while the
largest is sand; the peak stress ratio of the sand specimens
which are pre-compacted unusually increases as the loading
speed increases. By comparison of transmitted energy atten-
uation effects, the foam concrete has slightly betterperformance than loess, both better than sand; the rise time
and duration of positive pressure of foam concrete sandwich of
all are the longest.
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